Background: Brain reserve can be defined as the individual variation in the brain structural characteristics that later in life are likely to modulate cognitive performance. Late midlife represents a point in aging where some structural brain imaging changes have become manifest but the effects of cognitive aging are minimal, and thus may represent an ideal opportunity to determine the relationship between risk factors and brain imaging biomarkers of reserve.
Background: Brain reserve can be defined as the individual variation in the brain structural characteristics that later in life are likely to modulate cognitive performance. Late midlife represents a point in aging where some structural brain imaging changes have become manifest but the effects of cognitive aging are minimal, and thus may represent an ideal opportunity to determine the relationship between risk factors and brain imaging biomarkers of reserve.
Objective: We aimed to assess neuroimaging measures from multiple modalities to broaden our understanding of brain reserve, and the late midlife risk factors that may make the brain vulnerable to age related cognitive disorders.
Methods:
We examined multimodal [structural and diffusion Magnetic Resonance Imaging (MRI), FDG PET] neuroimaging measures in 50-65 year olds to examine the associations between risk factors (Intellectual/Physical Activity: education-occupation composite, physical, and cognitive-based activity engagement; General Health Factors: presence of cardiovascular and metabolic conditions (CMC), body mass index, hemoglobin A1c, smoking status (ever/never), CAGE Alcohol Questionnaire (>2, yes/no), Beck Depression Inventory score), brain reserve measures [Dynamic: genu corpus callosum fractional anisotropy (FA), posterior cingulate cortex FDG uptake, superior parietal cortex thickness, AD signature cortical thickness; Static: intracranial volume], and cognition (global, memory, attention, language, visuospatial) from a population-based sample. We quantified dynamic proxies of brain reserve (cortical thickness, glucose metabolism, microstructural integrity) and investigated various protective/risk factors.
Results: Education-occupation was associated with cognition and total intracranial volume (static measure of brain reserve), but was not associated with any of the dynamic neuroimaging biomarkers. In contrast, many general health factors were associated with
INTRODUCTION
Brain health is difficult to quantify -other than the absence of cognitive or neurological disease or pathology. The health of other organs is more easily measureable. For example, cardiac health can be described in terms of left ventricular ejection fraction, cardiac index, or burden of coronary artery disease (Mosterd and Hoes, 2007; Paulus et al., 2007; Jefferson et al., 2010) . Renal health can be monitored by glomerular filtration rate or serum creatinine (Traynor et al., 2006) . There are established thresholds or stages of disease severity for both congestive heart failure and chronic kidney disease (Coresh et al., 2007; Mosterd and Hoes, 2007) . In contrast, although several fundamental components of brain health have been described, such as brain reserve and cognitive reserve or resilience, they have not been widely quantified and utilized.
The focus of the current study is on the concept of "brain reserve" or "neurobiological capital, " defined as individual brain variation that may lead to resistance or ability to cope with pathology (Stern et al., 2018) . The traditionally used proxies of brain reserve include total intracranial volume, premorbid brain tissue volume, and head circumference (Stern et al., 2018) , which are static or fixed in nature. Although each of these measures are a gross measure of the brain anatomic capital, these measures are not sufficient to define the overall brain reserve. Because midlife and late middle age represent a critical period where prominent aging-related brain changes begin (Debette et al., 2011; Ritchie et al., 2015) , identifying alterations to brain reserve in this period will enhance the understanding of early changes in cognitive and brain aging. Furthermore, studying brain reserve in late middle age may provide insights into mechanisms of resilience that could contribute to a better accepted model of overall brain health (Arenaza-Urquijo and Stern et al., 2018 Stern et al., , 2019 . See Figure 1 for a model of brain reserve throughout life.
The main objective of this study was to broaden our understanding of brain reserve, protective/risk factors, and cognition in late middle age adult participants (age 50-65 years) without cognitive impairment. We focused on this age group because it is an age range during which both neuronal structure and functional alterations are observed but with few clinical symptoms (Giorgio et al., 2010; Jagust, 2013) . We aimed to: (1) examine protective/risk factors of brain reserve measures and cognition; and (2) identify optimal neuroimaging measures related to global and domain-specific cognition that may best serve as dynamic neuroimaging biomarkers of brain reserve.
MATERIALS AND METHODS

Selection of Participants
Study participants were from the Mayo Clinic Study of Aging (MCSA) (Roberts et al., 2008) , an epidemiologic study of Mild Cognitive Impairment (MCI) and dementia among community-dwelling residents of Olmsted County, Minnesota. We included 537 late middle age participants (age 50-65 years) who had available Magnetic Resonance Imaging (MRI) data. A subset of 454 participants also had 18 F-fluorodeoxyglucose positron emission tomography (FDG PET). All participants were cognitively unimpaired based upon a clinical adjudication at the clinical visit corresponding to the imaging visit. The MCSA was approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards and all participants provided written informed consent.
Measures of Brain Reserve
We utilized four dynamic or modifiable neuroimaging measures from three imaging modalities that are related to cognitive aging and dementia as proxies of overall brain reserve: genu corpus callosum fractional anisotropy (FA), posterior cingulate cortex FDG uptake, superior parietal cortex thickness, and AD signature cortical thickness. We term these proxies of brain reserve as dynamic because they are not constant or fixed across the adult lifespan like traditional brain reserve measures such as intracranial volume.
Diffusion tensor imaging (DTI) is a method utilized to quantify water diffusion throughout white matter tracts in the brain, with FA being one diffusion metric to assess white matter integrity (Le Bihan et al., 2001 ). Lower FA is related to less microstructural integrity of the white matter, and lower FA has been shown to be related to lower cognition in communitydwelling older adults (Vernooij et al., 2009) and throughout the Alzheimer's spectrum (Bozzali et al., 2002; Zhang et al., 2007; Chua et al., 2008) . Microstructural integrity of the genu corpus callosum as assessed by FA has been shown to be related of systemic vascular and cerebrovascular health , and is potentially an earlier surrogate of cerebrovascular health than white mater hyperintensities. There are intrinsic differences in myelination, axonal density, or even time to maturity of specific white matter tracks (Kochunov et al., 2012; Sexton et al., 2014 ) that uniquely differentiate the genu from other white matter tracks. Metabolism in the posterior cingulate cortex, one of the most metabolic brain regions, has been shown to preferentially decline early in preclinical Alzheimer's disease and is lower in APOE E4 carriers (Cunnane et al., 2011; Protas et al., 2013; Leech and Sharp, 2014) . Given the higher baseline glucose uptake of the posterior cingulate cortex relative to other brain regions and the disease-related metabolic decline of the posterior cingulate cortex, it may uniquely serve as proxy of brain health. Superior parietal cortex thickness has recently been related to systemic vascular health, such that greater thickness was associated with a higher number of vascular conditions. Greater thickness has been posited to be a compensatory response to early pathology . Reports have described higher parietal volume in amyloid positive participants (Johnson et al., 2014) , and greater compensatory superior parietal cortical thickness in those with lower CSF amyloid prior to atrophy that coincides with increased CSF p-tau (Fortea et al., 2014) . With the significant impact of systemic vascular health on the brain and potential influence of amyloid and tau on the superior parietal lobule, we believe superior parietal cortical thickness uniquely contributes to a more comprehensive view of brain health. We chose to include Alzheimer's disease signature cortical thickness as a measure of brain reserve because it has been validated as a measure of neurodegeneration and is likely a better measure than other traditionally used proxies of age and disease related neurodegeneration, like hippocampal volume, as it is not confounded by head size (Jack et al., 2015) .
Structural and Diffusion MRI
All MRI images were acquired on 3T GE MRI (GE Medical Systems, Milwaukee, WI, United States) using a Sagittal 3D magnetization prepared rapid acquisition gradient recalled echo (MP-RAGE) sequence. Repetition time (TR) was ≈2300 ms, echo time (TE) ≈3 ms, and inversion time (TI) = 900 ms. Voxel dimensions were ≈1.20 × 1.015 × 1.015 mm.
Cortical thickness measurements were computed using Freesurfer v5.3 and total intracranial volume was computed using a previously published method (Schwarz et al., 2016) on standard structural magnetization-prepared rapid acquisition gradient echo (MPRAGE) scans. We considered the dynamic measures of superior parietal cortex thickness and composite measure of cortical thickness from AD vulnerable regions (average of thickness in entorhinal cortex, inferior temporal, middle temporal, fusiform) (Jack et al., 2015) . As a comparison to these measures, we have also performed analyses with the static measure of total intracranial volume.
The details of DTI acquisition and processing are discussed in our recent publication . We considered genu of the corpus callosum microstructural integrity as quantified by FA from DTI.
FDG PET
The acquisition, processing, and summary measure details for FDG PET scans acquired on the MCSA study participants are previously described (Jack et al., 2015) . Computed tomography scan was obtained for attenuation correction and FDG PET images were obtained 30-40 min after tracer injection. We considered posterior cingulate cortex glucose metabolism from FDG PET.
Selection of Protective and Risk Factors
We examined a broad range of protective and risk factors including traditionally viewed proxies for resilience (e.g., education, intellectual and physical activities) (Stern et al., 2018) , and overall proxies of health (e.g., chronic or comorbid conditions).
Intellectual and Physical Activities
We utilized an education-occupation composite measure that incorporates years of education and job level score that is based on the participant's primary occupation . We assessed physical and cognitive-based activity using a questionnaire that quantified the average activity in each domain during the last 12 months (Vemuri et al., 2012) . In our sample of 50-65 years old participants, these represent self-reported measures of physical and cognitive-based activities at late middle age. A complete list of activities queried on the questionnaires are previously published (Vemuri et al., 2012) .
General Health Measures
Given the relationships found between overall health and cognitive aging and/or age-related disease (Whitmer et al., 2005 (Whitmer et al., , 2008 Yaffe et al., 2006; Crooks et al., 2008; Craft, 2009; Byers and Yaffe, 2011) , we included measures that are not routinely studied in the context of cognitive resilience. The presence of cardiovascular and metabolic conditions (CMC) is a measure composed of health system data, ICD-9 and ICD-10 codes of seven common conditions related to systemic health: hypertension, hyperlipidemia, cardiac arrhythmias, coronary artery disease, congestive heart failure, diabetes mellitus, and stroke (Vemuri et al., 2017 . The CMC composite score is an additive measure of the absence or presence of each condition, with a range score of 0-7 (Vemuri et al., 2017 . With increasing use of electronic medical records for research data, this metric may be derived from already collected data and serve as an overall metric of systemic cardiovascular/metabolic disease burden. In addition to CMC, we also studied body mass index [BMI, mass (kg)/height (m 2 )] (Calle et al., 1999) , hemoglobin A1c (average blood glucose of around the last 90-120 days) (Rohlfing et al., 2002) , ever-smoking (dichotomous), score on the CAGE Alcohol Questionnaire >2 (dichotomous) (Ewing, 1984) , and continuous score on the Beck Depression Inventory (Beck et al., 1996) .
Measures of Cognition
As previously described, cognitive tests were administered by a psychometrist and included nine tests covering four domains:
Part B, WAIS-R Digit Symbol), language (BNT, category fluency), and visuospatial (WAIS-R Picture Completion, WAIS-R Block Design) (Roberts et al., 2008) . Individual test scores from each domain were converted into z-scores, which were then averaged to make domain-specific z-scores. Global cognition was estimated from the average of the four domain-specific z-scores and then itself converted into a z-score for analyses.
Statistical Analyses
We performed multivariable linear regression to examine the relationship between: (1) protective/risk factors and brain reserve measures, (2) brain reserve measures and cognition, (3) protective/risk factors and cognition. Next, to relate both brain reserve measures and protective/risk factors independently to cognition, each brain reserve measure and protective/risk factor was used as a predictor in regression models. All analyses were adjusted for age, sex, and the presence of an APOE E4 allele. We also performed t-test and chi-square analyses to assess for mean differences between sexes in cross-sectional protective/risk factors, brain reserve measures, and cognition. SAS University Edition was utilized for analyses. A p < 0.05 was considered statistically significant.
RESULTS
Participant characteristics are shown in Table 1 . Our sample included 537 participants with a mean age of 58.7 years. There were nearly identical number of females and males (269 and 268). Of the 537 participants, 29.1% had an APOE4 allele. Mean education was 15.2 years with a range between 9-20 years. Table 2 shows descriptive statistics between females and males. There were no differences in age, education years, APOE4 status between males and females. Females had higher global cognition, memory, attention, language performance; males had higher visuospatial skills. Females had higher posterior cingulate FDG and superior parietal thickness, despite lower intracranial volume and genu FA. Females had lower presence of CMC and higher self-reported cognitive activity engagement. There were no sex differences in body mass index, HbA1c, smoking status, Beck Depression Inventory score, or CAGE score.
Relationship Between Protective/Risk Factors and Brain Reserve Measures
A regression heatmap from analyses adjusted for age, sex, and APOE E4 can be found in Figure 2A , and complete regression output can be found in Table 3A . A higher educationoccupation composite score was associated with higher posterior cingulate cortex FDG uptake and greater intracranial volume. More physical activity was associated with higher genu FA and posterior cingulate cortex FDG uptake. We found no associations between cognitive-based activity and any of the brain reserve measures.
A higher number of CMC and higher Beck Depression Inventory scores were associated with lower posterior cingulate cortex FDG uptake and AD signature region thickness. Being an ever-smoker (relative to never-smoker) was associated with lower genu FA, AD signature region thickness, and superior parietal cortex thickness. CAGE Alcohol Questionnaire score >2 was associated with lower AD signature region thickness and superior parietal cortex thickness. Higher body mass index was related to lower posterior cingulate cortex FDG uptake and superior parietal cortex thickness, and higher HbA1c was negatively related to lower posterior cingulate cortex FDG uptake.
Relationship Between Brain Reserve Measures and Cognition
We found that higher brain reserve measures were associated with better global and domain-specific cognition. A regression heatmap from adjusted analyses can be found in Figure 2B , and complete regression output can be found in Table 3B . Higher intracranial volume was associated with better global cognition and visuospatial ability; higher genu FA with better global cognition, attention, and visuospatial ability; higher posterior cingulate cortex FDG uptake with better global cognition and attention; and higher superior parietal thickness with better visuospatial ability. There were no significant associations between AD signature region thickness and cognition in multivariable models.
Relationship Between Protective/Risk Factors and Cognition
Education-occupation composite score and cognitive-based activity engagement in the last 12 months were associated with better global and domain-specific cognition across all domains. Physical activity engagement in the last 12 months was associated with better global cognition and better cognition in attention, language, and visuospatial ability domain, but not memory. A regression heatmap from adjusted analyses can be found in Figure 2C , and complete regression output can be found in Table 3C .
Being an ever-smoker (relative to non-smoker) was associated with worse cognition across all domains. A greater number of depressive symptoms was associated with worse performance in global cognition and on tests of memory and attention. Higher body mass index was associated with worse global cognition and language. We found no relationship between HbA1c or CAGE Alcohol Questionnaire score >2 and global or domainspecific cognition.
DISCUSSION
We examined the relationships between protective/risk factors and imaging proxies of brain reserve in a late midlife cohort. Our major finding was that several general health factors were associated with worsening of the four dynamic neuroimaging biomarkers, in a manner that was not complicated by concomitant associations of declines in cognition and at least some of the general health factors. Depression and smoking showed associations with the dynamic neuroimaging proxies of reserve but also cognition, precluding any claims about their indirect relationships to brain reserve. Education-occupation was not associated with any of the dynamic brain imaging measures, but was associated with the static brain reserve proxy of total intracranial volume.
Brain reserve, as exemplified by the four dynamic imaging features studied here, is itself at least partly under the influence of general health status in midlife, but remarkably is largely independent of education and occupation. Health issues such as CMC, BMI, glycemic control and alcohol use that arise in midlife may have indirect effects on risks for later life cognition by influencing brain structure and function beginning in midlife or even earlier. Thus, white matter integrity in the genu corpus callosum, posterior cingulate cortex FDG, and cortical thickness are influenced by midlife health factors that in later life moderate the effects of age-related neurodegenerative and cerebrovascular diseases.
Several features distinguish this study from most published reports on resilience and brain reserve. First, we worked to strengthen our understanding of brain reserve by examining a broader set of dynamic biomarkers of brain reserve from multiple neuroimaging modalities. Traditional measures of brain reserve include premorbid brain volume, intracranial volume, or head circumference, which are fixed throughout the adult life (Stern et al., 2018) . While these measures have been shown to be related to cognition, they are gross measures of overall brain reserve and do not encapsulate the likely modifiable nature of brain reserve. In this study, the static measure of intracranial volume that was used as a comparison region was only related to educationoccupation and not to the other potential protective/risk factors that we identified. Whereas three of the four the dynamic brain reserve measures we used were associated with multiple general health factors. Importantly, our work builds upon recent studies that have started to expand our view of brain reserve with the incorporation of glucose metabolism, white matter integrity, and patterns of gray matter volume and cortical thickness (Querbes et al., 2009; Smith et al., 2010; Arenaza-Urquijo et al., 2013; Ewers et al., 2013; Morbelli et al., 2013; Malpetti et al., 2017; Pettigrew et al., 2017; Laubach et al., 2018) . As shown in our results, the incorporation of carefully selected dynamic neuroimaging measures associated with cognitive aging may provide additional tools for the study of brain reserve; however, this will require future studies in independent samples. Second, we studied a broad array of protective/risk factors that may impact brain health. Many studies on resilience use education, occupation, or lifestyle-social activity engagement as the sole proxy of cognitive resilience (Stern, 2009 (Stern, , 2012 Stern et al., 2018) . While these contribute to the lower susceptibility to pathology, other factors may be additive in our understanding of cognitive resilience and brain health (Clare et al., 2017) ; notably: smoking, alcohol intake, and systemic vascular and metabolic health (Wolf et al., 1988; Ott et al., 1998; Thomas and Rockwood, 2001; Craft, 2009) . The general health factors we examined were largely associated with lower brain reserve, as assessed by the four dynamic neuroimaging measures. By studying factors other than education, intellectual and physical activities as factors that influence cognitive resilience, we have the opportunity to better define which factors positively or negatively impact brain health and cognitive aging. This is of fundamental significance given the aging population throughout the world and an incomplete understanding of what factors lead to the complex, age-related cognitive disorders, like Alzheimer's.
Third, our study was comprised of a late midlife sample (50-65 years) of participants without clinical signs of cognitive impairment. To date, many studies concerning resilience or brain reserve have focused on older adults. This is logical when working to assess resilience and brain reserve as pathologic differences may be more evident in that population; however, it is likely the brain changes that promote cognitive decline and age-related cognitive disorders begins earlier in life (see Figure 1 ). While we are currently unaware of exactly when these changes begin, pathology studies have shown very low prevalence of neurodegenerative and cerebrovascular pathologies before the age of 65 (Nelson et al., 2012) . We would advocate for the study of protective/risk factors that influence resilience, brain reserve, and overall brain health throughout life to further our understanding.
Although it's increasingly apparent that sex differences may impact brain health (Mielke et al., 2014; Chêne et al., 2015; Zagni et al., 2016) , we still have an inadequate understanding of how sex impacts brain health throughout life and the propensity to develop age-related cognitive disorders. Although our study was not specifically designed to assess for sex differences, in our sample females scored higher on all cognitive domains except for visuospatial ability relative to age and education matched males. Moreover, despite having significantly lower total intracranial volume, females had no differences in AD region thickness, with higher superior parietal thickness and posterior cingulate FDG relative to males.
Strengths and Limitations
The investigation of a narrow sample of the population (50-65 years) is a key strength of this work because this is a critical range where early brain and cognitive changes are observed without significant burden of cerebrovascular disease and neurodegenerative disorders. The large sample size (n = 537) with nearly identical number of females/males in late middle age that has been well characterized with demographic Table 3C . data and neuroimaging measures obtained at a single site strengthen our findings.
Several limitations include the homogeneity of our population-based sample relative to the United States and worldwide that may limit the applicability of findings. However, previous reports support the generalizability of our sample Sauver et al., 2012) . The crosssectional design of the study limits our ability to assess the relationship between protective/risk factors and brain reserve measures to the development of MCI, dementia, or cognitive change. While we found associations between brain reserve measures and cognition, these relationships will likely be best assessed in a longitudinal study where change in cognition and other clinical outcomes may be examined. Despite these limitations our study of a unique sample helps contribute to the understanding of cognitive aging and overall brain health in late midlife.
Future Directions
Further work is needed to validate the findings of this study in an independent sample. Future studies will benefit from the development of composite risk scores and composite measures for brain health that can be used in tracking brain and cognitive aging throughout life. A longitudinal study would help to better assess cognitive decline (change in cognitive outcomes) and risk for development of MCI and dementia. It may be helpful to perform voxel-wise analyses of potential brain reserve measures. Lastly, we may work to stratify cognitively normal participants by CSF and/or PET amyloid and tau status to determine if this impacts the relationship between protective/risk factors and Results from unadjusted analyses and analyses adjusted for age, sex, and APOE4-status are provided. Frontiers in Aging Neuroscience | www.frontiersin.org FIGURE 3 | Hypothetical depiction of connections between protective/risk factors, brain reserve measures, and cognitive measures. All depicted relationships were significant in our analyses. Note: the cross-sectional design of our study limits the ability to directly connect each protective/risk factor to cognitive measures as mediated by individual brain reserve measures. dynamic brain reserve measures. Interestingly, in a study of 52 cognitively normal participants, those with lower CSF amyloid and higher education had lower FDG PET uptake, while those with higher CSF amyloid and higher education had higher FDG PET uptake (Ewers et al., 2013) . This suggests that protective factors may be differentially related to dynamic brain reserve measures depending on baseline amyloid burden. To better visualize potential connections between protective/risk factors, brain reserve measures, and cognition, we have compiled a flow diagram, indicating the significant relationships we found. Figure 3 is a hypothetical depiction of these relationships where both protective/risk factors and brain reserve measures were related to the same cognitive outcome. For example, being an ever-smoker was related to lower genu FA and lower superior parietal cortex thickness, which were related to worse global cognition, visuospatial ability, and attention. Thus, it may be possible for smoking to negatively affect cognition via impact on genu FA and superior parietal cortex thickness. As seen in this figure, future work would ideally focus on expanding our understanding of individual and combined factors that augment brain reserve measures and ultimately lead to discernable clinical outcomes (i.e., cognition, functional status). Further longitudinal analyses and data across the lifespan will allow us to understand the pathways proposed.
CONCLUSION
In conclusion, we found that education-occupation was associated with cognition and the static brain reserve measure of total intracranial volume, but was not associated with any of the dynamic neuroimaging biomarkers. In contrast, many general health factors were associated with the dynamic neuroimaging proxies of brain reserve, while most were not associated with cognition in this late middle aged group. Brain reserve, as exemplified by the four dynamic neuroimaging features studied here, is itself at least partly under the influence of general health status in midlife, but remarkably is largely independent of education and occupation.
While an incomplete study of the factors that influence brain health and cognitive aging, this work contributes to the growing data that noticeable neuroimaging and cognitive relationships can be found in late midlife. We must continue to build a more comprehensive view of cognitive resilience and brain reserve to better understand the factors that make the brain vulnerable to age-related cognitive disorders.
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